Algebraic renormalization of N=2 Super Yang-Mills theories coupled to
  matter by Maggiore, Nicola
ar
X
iv
:h
ep
-th
/9
50
10
57
v2
  2
0 
Ja
n 
19
95
Algebraic renormalization of N = 2 Super
Yang–Mills theories coupled to matter
Nicola Maggiore1
De´partement de Physique The´orique – Universite´ de Gene`ve
24, quai E. Ansermet – CH-1211 Gene`ve 4
Switzerland
ABSTRACT
We study the algebraic renormalization of N = 2 Supersymmetric Yang–Mills theories
coupled to matter. A regularization procedure preserving both the BRS invariance and the
supersymmetry is not known yet, therefore it is necessary to adopt the algebraic method
of renormalization, which does not rely on any regularization scheme. The whole analysis
is reduced to the solution of cohomology problems arising from the generalized Slavnov
operator which summarizes all the symmetries of the model. Besides to unphysical renor-
malizations of the quantum fields, we find that the only coupling constant of N = 2 SYMs
can get quantum corrections. Moreover we prove that all the symmetries defining the
theory are algebraically anomaly–free.
hep-th/9501057
UGVA-DPT-1994/12-876 December 1994
1Supported in part by the Swiss National Science Foundation.
1 Introduction
Since the early days of quantum field theory, physicists considered the property of finite-
ness as one of the most appealing features a theory could possess, according to the belief
that the ultimate Theory of Nature should be finite [1]. In the framework of quantum
field theory, the finiteness of a model results in the absence of quantum redefinitions of the
physical parameters – and possibly of the quantum fields –, meaning that the correspond-
ing β–functions – together with the anomalous dimensions related to the renormalizations
of the quantum fields –, vanish, which is also equivalent to say that the theory does not
exhibit ultraviolet divergences.
The supersymmetric field theories were the first to show a good ultraviolet be-
haviour [2], and actually this represented the original motivation for the interest arosen
around them. In particular, the most spectacular renormalization properties occurr in
Supersymmetric Yang–Mills theories (SYMs) with extended (N ≥ 2) supersymmetry and
calculations at higher and higher loops [3] strongly supported the conjecture that the
maximally extended one, namely N = 4 SYM, was finite [4, 5]. Only recently a formal
proof of its finiteness to all orders of perturbations theory has been given [6].
As a matter of fact the N = 4 case can be interpreted as a N = 2 SYM with
matter in the adjoint representation of the gauge group and for this reason the gauge field
theories with extended N = 2 supersymmetry are considered as the most general ones [7].
One important property is that not every N = 2 SYM is finite, but divergent quantum
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corrections, if any, occurr only at one loop [4, 8]. Moreover, the physical relevance ofN = 2
SYMs has been stressed in a couple of recent and authoritative papers [9], which made
them popular and fashionable, thanks to some exact results concerning very important
topics like confinement and electric–magnetic duality.
The study of the ultraviolet behaviour of a quantum field theory is included in the
renormalization program, which more generally concerns the analysis of its divergence
structure and the discussion of the possible extension to the quantum level of the sym-
metries characterizing it. When dealing with a supersymmetric theory, the absence of an
acceptable regularization procedure preserving both the BRS invariance and the super-
symmetry renders mandatory the adoption of the algebraic method of renormalization,
which indeed does not rely on any underlying regularization scheme, and, moreover, leads
to results valid to all orders of perturbation theory.
The first algebraic study of the renormalizability of a supersymmetric gauge field
theory has been done for N = 1 SYM in the superfield formalism [10, 11], and recently
the same results have been recovered within the components description [12]. Also the
already cited proof of the finiteness ofN = 4 SYM [6] has been given by using the algebraic
method and adopting the Wess–Zumino gauge, the superfield formalism presenting more
difficulties than advantages for the purpose of renormalizing field theories with extended
supersymmetry. The complete algebraic renormalization of the general N = 2 SYM is still
lacking, the only attempt in that direction being still uncompleted [13]. The difficulties
encountered in [13] originated from the infinite dimensional algebraic structure, controlled
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at the price – which resulted too high for the renormalization of the model – of introducing
an infinite number of external sources with increasing negative dimension.
Inspired by the algebraic proofs of the finiteness of the topological quantum field
theories [14], which present analogous supersymmetric algebraic structures, we gave in [15]
a formulation of N = 2 SYMs alternative to that presented in [13], having the advantage
of being characterized by an algebra closed without making use neither of equations of
motion nor of auxiliary fields. The role of the latter is indeed played by the external sources
coupled to the nonlinear variations of the quantum fields, and therefore necessarily present
in the theory [16, 17]. The essence of the method followed in [15] was to collect all the
symmetries defining the theory into one generalized Slavnov operator, so that the once
complicated algebra reduced to a simple nilpotency relation. In this paper we give the
quantum extension of the classical discussion made in [15], which be briefly summarize in
Section 2. In Section 3 we perform the renormalization of the model, which formally is
that of an ordinary gauge field theory described by a Slavnov identity : first, we study the
stability of the classical action under radiative corrections and then we seek for possible
anomalies. Some conclusions are drawn in Section 4.
3
2 The classical model
In this section we briefly review the classical properties of the theory which are necessary
for what follows, referring to [15] for more details. The fields of N = 2 SYM are organized
according to the vector multiplet (Aaµ, λαi, A
a, Ba), belonging to the adjoint representation
of a gauge group G, and the matter multiplet (AiA, A∗iA, ψ
α
A, ψ¯
A
α ), which is in an arbitrary
representation. In addition to these physical fields, a ghost ca, an antighost c¯a and a
Lagrange multiplier ba are introduced according to the usual gauge–fixing procedure.
The N = 2 SYM is described by the complete gauge–fixed classical action
Σ ≡ Sinv + Sgf + Sext , (2.1)
where
Sinv = SSYM + Smatter + Sint
= 1
g2
∫
d4x
(
−
1
4
F aµνF aµν +
1
2
(DµA)a(DµA)
a +
1
2
(DµB)a(DµB)
a
+1
2
λ¯aiγµ(Dµλi)
a + 1
2
fabc(λ¯biλci)A
a − i1
2
fabc(λ¯biγ5λ
c
i)B
a − 1
2
famnAmBnfapqApBq
)
+
∫
d4x
(
(DµAi)A(DµA
∗
i )A −
1
2
ψ¯Aγ
µ(Dµψ)
A
)
+
∫
d4x
(
− (T a)AB(ψ¯Aλ
a
i )A
iB + (T a)AB(λ¯
aiψB)A∗iA + (T
a)AD(T
b)DBA
aAbA∗iAA
iB
+(T a)AD(T
b)DBB
aBbA∗iAA
iB − i1
2
(T a)AB(ψ¯Aγ5ψ
B)Ba − 1
2
(T a)AB(ψ¯Aψ
B)Aa
)
,
(2.2)
Sgf =
∫
d4x
(
ba∂Aa − (∂µc¯a)(Dµc)
a + (∂µc¯a)(ε¯iγµλ
a
i )
)
, (2.3)
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Sext =
∫
d4x
(
Ma(QAa) +Na(QBa) + Ωaµ(QAaµ) + Λ¯
ai(Qλai ) + L
a(Qca)
+U∗iA(QA
iA) + U iA(QA∗iA) + Ψ¯A(Qψ
A) + (Qψ¯A)ΨA
−(ε¯jΛai )(Λ¯
aiεj) +
1
2
(ε¯jΛaj )(Λ¯
aiεi)
−(ε¯iεi)(Ψ¯AΨA) + (ε¯iγ5εi)(Ψ¯Aγ5ΨA) + (ε¯iγµεi)(Ψ¯AγµΨA)
)
.
(2.4)
Notice the absence of a bilinear term in the Lagrange multiplier b in the gauge–fixing part
Sgf of the action, which corresponds to choosing the Landau gauge.
In (2.1), Sinv+Sgf is left invariant by the operator Q which sums up BRS, supersym-
metry and translations by means of two ghost charged parameters εi and ξ
µ :
QAa = fabccbAc + ε¯iλai + ξ
µ∂µA
a
QBa = fabccbBc + iε¯iγ5λai + ξ
µ∂µB
a
QAaµ = −(Dµc)
a + ε¯iγµλ
a
i + ξ
ν∂νA
a
µ
Qλaαi = f
abccbλcαi +
1
2
F aµν(σ
µνεi)α − (DµA)a(γµεi)α
+i(DµB)
a(γµγ5εi)α + if
abcAbBc(γ5εi)α + ξ
µ∂µλ
a
αi
QAiA = (T a)ABc
aAiB + ε¯iψA + ξµ∂µA
iA
QψAα = (T
a)ABc
aψBα − 2(DµA
i)A(γµεi)α + 2(T
a)ABA
iBAaεαi
−2i(T a)ABA
iBBa(γ5εi)α + ξ
µ∂µψ
A
α
Qca = 1
2
fabccbcc − (ε¯iγµεi)Aaµ − i(ε¯
iγ5εi)B
a + (ε¯iεi)A
a + ξµ∂µc
a
Qc¯a = ba + ξµ∂µc¯a
Qba = (ε¯iγµεi)∂µc¯a + ξµ∂µba
Qξµ = −(ε¯iγµεi)
Qεi = 0 .
(2.5)
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The operator Q is nilpotent provided that the spinor field equations are satisfied
Q2 = equations of motion , (2.6)
and this implies the presence in Sext of terms quadratic in the external sources, in addition
to the usual couplings to the nonlinear Q–transformations of the quantum fields. With
such a source term in the total classical action Σ it is possible to write the generalized
Slavnov identity
S(Σ) =
∫
d4x
(
δΣ
δΩaµ
δΣ
δAaµ
+
δΣ
δLa
δΣ
δca
+
δΣ
δMa
δΣ
δAa
+
δΣ
δNa
δΣ
δBa
+
δΣ
δΛ¯ai
δΣ
δλai
+
δΣ
δU∗iA
δΣ
δAiA
+
δΣ
δU iA
δΣ
δA∗iA
+
δΣ
δΨ¯A
δΣ
δψA
+
δΣ
δΨA
δΣ
δψ¯A
+(ba + ξµ∂µc¯
a)
δΣ
δc¯a
+ ((ε¯iγµεi)∂µc¯
a + ξµ∂µb
a)
δΣ
δba
)
− (ε¯iγµεi)
∂Σ
∂ξµ
= 0 .
(2.7)
The corresponding linearized Slavnov operator
BΣ =
∫
d4x
(
δΣ
δΩaµ
δ
δAaµ
+
δΣ
δAaµ
δ
δΩaµ
+
δΣ
δLa
δ
δca
+
δΣ
δca
δ
δLa
+
δΣ
δMa
δ
δAa
+
δΣ
δAa
δ
δMa
+
δΣ
δNa
δ
δBa
+
δΣ
δBa
δ
δNa
+
δΣ
δΛ¯ai
δ
δλai
−
δΣ
δλai
δ
δΛ¯ai
+
δΣ
δU∗iA
δ
δAiA
+
δΣ
δAiA
δ
δU∗iA
+
δΣ
δU iA
δ
δA∗iA
+
δΣ
δA∗iA
δ
δU iA
+
δΣ
δΨ¯A
δ
δψA
−
δΣ
δψA
δ
δΨ¯A
+
δΣ
δΨA
δ
δψ¯A
−
δΣ
δψ¯A
δ
δΨA
+(ba + ξµ∂µc¯
a)
δ
δc¯a
+ ((ε¯iγµεi)∂µc¯
a + ξµ∂µb
a)
δ
δba
)
− (ε¯iγµεi)
∂
∂ξµ
(2.8)
as a consequence of (2.7) is off–shell nilpotent
BΣBΣ = 0 . (2.9)
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Finally, in addition to the Slavnov identity (2.7), the classical theory is defined by
three further constraints :
1. the gauge condition
δΣ
δba
= ∂Aa , (2.10)
whose commutator with the Slavnov identity (2.7) gives the antighost equation
F¯aΣ ≡
δΣ
δc¯a
+ ∂µ
δΣ
δΩaµ
− ξµ∂µ
δΣ
δba
= 0 ; (2.11)
2. the ξ–equation
∂Σ
∂ξµ
= ∆µ , (2.12)
where
∆µ ≡
∫
d4x
(
−Ma∂µAa −Na∂µBa − Ωaν∂µAaν − (Λ¯
ai∂µλ
a
i ) + L
a∂µc
a
−U∗iA∂µA
iA − U iA∂µA∗iA − (Ψ¯A∂µψ
A) + (∂µψ¯AΨ
A)
)
;
(2.13)
3. the ghost equation of the Landau gauge [18, 17]
FaΣ = ∆a , (2.14)
where
Fa ≡
∫
d4x
(
δ
δca
+ fabcc¯b
δ
δbc
)
(2.15)
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and
∆a ≡
∫
d4x
(
fabc
(
M bAc +N bBc + ΩbµAcµ + (Λ¯
biλci)− L
bcc
)
−(T a)AB
(
U∗iAA
iB − U iBA∗iA + (Ψ¯Aψ
B) + (ψ¯AΨ
B)
))
.
(2.16)
3 Renormalization
The proof of the renormalizability of the theory consists in showing that it is possible to
define a quantum vertex functional
Γ = Σ +O(h¯) (3.1)
which coincides at the lowest perturbative order with the classical action Σ (2.1), and
which satisfies the generalized Slavnov identity
S(Γ) = 0 . (3.2)
The algebraic renormalization scheme is performed according to two independent
steps. First we shall study the stability of the classical action Σ under radiative correc-
tions, checking that the most general invariant counterterm can be reabsorbed through
a redefinition of the fields and of the only coupling constant g2 of the theory. Then we
shall discuss the presence of anomalies, namely we shall investigate wether the symmetries
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defining the theory can be implemented at the quantum level.
This problem was addressed by Breitenlohner and Maison in [13], but they encoun-
tered some difficulties originating from the algebraic structure of N = 2 SYMs. The
supersymmetry algebra finds two obstructions to the closure on the translations: equa-
tions of motion and field dependent gauge transformations [15]. Following a standard
procedure, the authors of [13] introduced auxiliary fields in order to eliminate the equa-
tions of motion. Still, the presence of the field dependent gauge transformations kept
the algebra infinite dimensional and therefore an infinite number of external sources with
increasing negative dimension were needed in order to control the supersymmetric struc-
ture. This rendered the analysis of the renormalization quite difficult and consequently a
complete discussion of the renormalization of N = 2 SYM was never achieved.
The approach we are following here is different because the classical Slavnov iden-
tity (2.7) has been obtained in [15] by collecting into an unique operator all the symmetries
of the theory. Consequently, its quantum extension corresponds to that of all the sym-
metries partecipating in it, in particular the BRS transformations and the N = 2 super-
symmetry. In other words, the absence of anomalies for the Slavnov identity (2.7) implies
that both the BRS symmetry and the N=2 supersymmetry are anomaly–free as well [19].
Moreover, the study of the stability of the classical action and of the anomalies technically
reduces to the analysis of cohomologies of the linearized Slavnov operator [6, 12, 14, 20],
which is a far easier task than that encountered in [13].
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3.1 Stability of the classical action
In order to find the most general invariant local counterterm, we perturb the classical
action
Σ −→ Σ + ηΣc , (3.3)
where η is an infinitesimal parameter and Σc is the most general integrated local functional
with canonical dimension four and Faddeev–Popov (ΦΠ) charge zero. We then require
that the perturbed action satisfies the symmetries defining the theory. At first order in η
this corresponds to imposing the following constraints on the functional Σc :
1. the gauge condition
δ
δba
(Σ + ηΣc) = ∂A
a ⇒
δΣc
δba
= 0 ; (3.4)
2. the antighost equation
F¯a(Σ + ηΣc) = 0 ⇒
δΣc
δc¯a
+ ∂µ
δΣc
δΩaµ
= 0 ; (3.5)
3. the ghost equation
Fa(Σ + ηΣc) = ∆
a ⇒
∫
d4x
δΣc
δca
= 0 , (3.6)
where Fa and ∆a are given by (2.15) and (2.16) respectively;
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4. the ξ–equation
∂
∂ξµ
(Σ + ηΣc) = ∆µ ⇒
∂Σc
∂ξµ
= 0 , (3.7)
where ∆µ is given by (2.13);
5. the Slavnov identity (2.7), which at first order in η implies the invariance of the
perturbation Σc under the action of the linearized Slavnov operator (2.8)
S(Σ + ηΣc) = 0 ⇒ BΣΣc = 0 . (3.8)
The conditions (3.4) and (3.7) are satisfied by a functional which does not depend neither
on the Lagrange multiplier ba nor on the global ghost ξµ. The antighost equation (3.5)
implies that the external source Ωaµ and the antighost c¯a appear in Σc only through the
combination
ηaµ ≡ ∂µc¯a + Ωaµ , (3.9)
while the effect of the ghost equation (3.6) is that the perturbation depends on the ghost
field ca only if differentiated (∂µc ≡ cµ). A functional satisfying all previous constraints
depends on the fields and parameters listed in Table 1 together with their quantum
numbers.
11
Aaµ λ
a
αi A
a Ba AiA ψαA c
a
µ η
aµ Λαi M
a Na U iA ΨA La εi
dim 1 3/2 1 1 1 3/2 1 3 5/2 3 3 3 5/2 4 −1/2
ΦΠ 0 0 0 0 0 0 1 1 1 1 1 1 1 2 1
Table 1. Dimensions and Faddeev–Popov charges
In the appendix we give the explicit form of the most general perturbation Σc, by
classifying it according to eigenstates of the counting operator Nε ≡ ε¯i
∂
∂ε¯i
Σc = Σ
(0)
c + Σ
(1)
c + Σ
(2)
c . (3.10)
The counterterm Σc must satisfy the Slavnov condition (3.8), which constitutes a coho-
mology problem, due to the nilpotency of the linearized Slavnov operator BΣ (2.8). The
general solution of eq. (3.8) is
Σc = Σ
(ph)
c + BΣΣ̂c . (3.11)
A necessary condition for the renormalizability of the theory is that the whole countert-
erm Σc can be reabsorbed by a redefinition of the quantum fields and of the coupling
constant g2 of the classical action. In particular, Σ̂c corresponds to unphysical field
renormalizations, called anomalous dimensions, while Σ(ph)c , which cannot be written as
a BΣ–variation, entails a nonvanishing β–function of the coupling constant g2. Precisely,
the physical renormalizations belong to the cohomology sector with vanishing ΦΠ–charge
of the linearized Slavnov operator.
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A long and straightforward calculation yields the following result for the Slavnov
condition (3.8)
Σc = Zg2
(
Sinv +
∫
d4x
(
− (ε¯jΛai )(Λ¯
aiεj) +
1
2
(ε¯jΛaj )(Λ¯
aiεi)− (ε¯
iεi)(Ψ¯AΨ
A)
+(ε¯iγ5εi)(Ψ¯Aγ5Ψ
A) + (ε¯iγµεi)(Ψ¯AγµΨ
A)
))
+BΣ
∫
d4x
(
c1η
aµAaµ + c2M
aAa + c3N
aBa + c4Λ¯
aiλai
+c5(U
∗
iAA
ia + U iAA∗iA) + c6(ΨAψ
A + ψ¯AΨ
A)
)
,
(3.12)
where Sinv is the classical invariant action (2.2), while Zg2 and ci are constants related to
the renormalization of g2 and of the fields respectively.
The celebrated finiteness property of the supersymmetric theories translates either
into the vanishing of the whole counterterm due to the algebraic conditions on it – as it
happens for the topological models [14], or into the lack of the physical part of it Σ(ph)c [21].
Here on the contrary we find that N = 2 SYMs exhibit a possible renormalization of the
coupling constant, besides to anomalous dimensions for the quantum fields belonging to
the vector and matter multiplet. Notice also that, as in ordinary gauge field theories built
in the Landau gauge [22], the ghost field c does not renormalize because of the ghost
equation (3.6) [18, 17].
The result (3.12) is the best one can obtain with the algebraic method of renormaliza-
tion, according to which any claim on the coefficients appearing in the counterterm must
be supported by a non anomalous symmetry of the classical action. On the other hand,
within the superspace background field formulation of extended supersymmetry, it has
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been possible to show that the N = 2 SYMs, whose β(g) function is vanishing at one loop,
are finite to all orders of perturbation theory [8], and an analogous nonrenormalization
theorem has been proved for N = 1 SYM [21] by exploiting the fact that the R–current,
the supersymmetry current and the energy momentum tensor are components of one su-
perfield. Within the N = 2 SYMs, a particular role is played by the maximally extended
N = 4 case, which can be interpreted as a N = 2 theory with matter in the adjoint
representation of the gauge group. In that case, indeed, it has been possible to prove
algebraically the perturbative finiteness, by showing the absence of the superconformal
anomaly [6]
3.2 Anomalies
The symmetries characterizing the theory are acceptable for any purpose, including for
instance the determination of the counterterm, only if they survive the process of quan-
tization. In our framework, this entails the possibility of writing the quantum Slavnov
identity (3.2). The standard algebraic procedure in order to prove that quantum imple-
mentation is to assume that the Slavnov identity gets broken at the quantum level by an
insertion
S(Γ) = ∆ · Γ . (3.13)
A fundamental information on the breaking is provided by the Quantum Action Princi-
ple [23], which states that at the lowest nonvanishing order in h¯ the insertion ∆ · Γ is an
14
integrated local functional ∆ with dimension four and ΦΠ–charge one
∆ · Γ = ∆ +O(h¯∆) . (3.14)
It is easy to show the validity to all orders of perturbation theory of the gauge con-
dition (2.10), the antighost equation (2.11), the ξ–equation (2.12) and the ghost equa-
tion (2.14) [24]
δΓ
δba
= ∂Aa F¯aΓ = 0
∂Γ
∂ξµ
= ∆µ FaΓ = ∆a .
(3.15)
The following algebraic relations hold
BγS(γ) = 0 (3.16)
δ
δba
S(γ)− Bγ(
δγ
δba
− ∂Aa) = F¯aγ
F¯aS(γ) + BγF¯
aγ = 0
∂
∂ξµ
S(γ) + Bγ(
∂γ
∂ξµ
−∆µ) = Pµγ
FaS(γ) + Bγ(F
aγ −∆a) = Harigγ
(3.17)
where γ is a generic functional, Pµ and Harig are the Ward operator for translations
and rigid gauge invariance respectively. Substituting in (3.16) and (3.17) the generic
functional γ with the quantum vertex functional Γ satisfying the relations (3.15) and
assuming as valid to all orders
PµΓ = H
a
rigΓ = 0 , (3.18)
15
the algebra (3.17) yields the following constraints on the lowest order breaking of the
quantum Slavnov identity
δ∆
δba
= F¯a∆ =
∂∆
∂ξµ
= Fa∆ = 0 , (3.19)
which are satisfied by a functional depending only on the fields and parameters listed
in Table 1. In addition to the constraints (3.19), the breaking ∆ is subjected to the
Wess–Zumino consistency condition [25] arising from (3.16)
BΣ∆ = 0 . (3.20)
The equation (3.20) is a cohomology problem like the Slavnov condition (3.8) for the
stability of the theory. The difference is that this time the solution must belong to the
space of local integrated functionals with canonical dimension four and ΦΠ–charge one
instead of zero. The most general functional obeying the Wess–Zumino condition is
∆ = A+ BΣ∆̂ , (3.21)
A being a closed and not exact form
A 6= BΣÂ . (3.22)
If A is present, or, equivalently, if the cohomology of the linearized Slavnov operator BΣ
in the space of the solutions of equation (3.20) is not empty, the breaking ∆ cannot be
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reabsorbed by a fine tuning of the fields and parameters of Γ. The functional A is an
anomaly, namely an obstruction to the validity of the quantum Slavnov identity (3.2).
On the contrary, if there is no anomaly (A = 0), the equations (3.20) and (3.21) imply
that the Slavnov identity holds good at a fixed order in h¯ and hence, by induction, at
every order.
The equation (3.20) can be solved using the method of spectral sequences [19] or
by looking directly for its general solution. Either way, the calculation, although quite
laborious, per se does not present particular difficulties. We solved the cohomology prob-
lem (3.20) by writing the candidate for the anomaly as the most general integrated local
functional with dimension four, ΦΠ–charge one and depending on the fields listed in Table
1. The resulting functional ∆ is the sum of a huge number of terms, which is convenient
to gather according to their eigenvalues of the counting operator Nε ≡ ε¯
i
∂
∂ε¯i
∆ =
3∑
n=0
∆(n) , (3.23)
with
[Nε,∆
(n)] = n∆(n) . (3.24)
Notice that for power counting reasons it is not possible to write a local integrated func-
tional with the right quantum numbers and having n ≥ 4
∆(n) = 0 for n ≥ 4 . (3.25)
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We must act on the functional ∆ with the operator BΣ, which accordingly writes
BΣ =
2∑
n=0
s(n) , (3.26)
with
[Nε, s
(n)] = ns(n) . (3.27)
The explicit form of ∆(n) and s(n) is given in the appendix.
The Wess–Zumino consistency condition (3.20), splitted into eigenstates of the oper-
ator Nε, reads
s(0)∆(0) = 0
s(0)∆(1) + s(1)∆(0) = 0
s(0)∆(2) + s(1)∆(1) + s(2)∆(0) = 0
s(0)∆(3) + s(1)∆(2) + s(2)∆(1) = 0
s(1)∆(3) + s(2)∆(2) = 0
s(2)∆(3) = 0
(3.28)
It is both an easy and long algebraic exercise to solve the equations (3.28) and to verify
that finally the solutions ∆(n) are such that the whole breaking ∆ is a BΣ–variation
∆ = BΣ∆̂ . (3.29)
Notice that the result (3.29) states that for N = 2 SYMs there are no anomalies already
at algebraic level, contrarily to what happens for ordinary YM theories and for N = 1
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SYMs, where the Adler–Bardeen anomaly [26], or its supersymmetric extension [10, 27],
obeys the consistency condition (3.20), and whose absence is guaranteed by the vanishing
of its coefficient [28].
Therefore the Slavnov identity (2.7) can be implemented to all orders of perturbation
theory. This, together with the form (3.12) of the counterterm, implies the renormaliz-
ability of N = 2 SYMs.
4 Conclusions
We proved the renormalizability of N = 2 SYMs in a purely algebraic way, i.e. without
assuming the existence of any regularization scheme. The most general counterterm (3.12)
compatible with all the symmetries of the theory can be reabsorbed by renormalizations
of the only coupling constant g2 and of the quantum fields belonging to the vector and
matter multiplet, the ghost field not renormalizing as a consequence of the Landau gauge
choice. This algebraic result reflects the fact that in general N = 2 SYMs do get divergent
quantum corrections. It is known, on the other hand [4, 8], that only those theories
verifying the condition (4.1) are finite :
∑
σ
mσT (Rσ) = C2(G) , (4.1)
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where mσ is the number of N = 2 matter multiplets in the representation Rσ and the
Casimir and Dynkin indices C2, T are defined as usual by
C2(G)δ
ab = famnf bmn
T (Rσ)δ
ab = Tr(T aT b) .
(4.2)
The selection rule (4.1) has been obtained following two arguments. The first of them [4]
makes use of a particular superfield formulation ofN = 2 theories regulated by introducing
higher derivatives, which do not regulate the one loop contribution to the quantum vertex
functional Γ. The second argument [8] works in the superspace background field formalism
of N–extended supersymmetric theories, where no contribution to Γ above one loop is
possible. The nonrenormalization condition (4.1) corresponds to the vanishing at one
loop, and hence at all orders, of the β–function of the coupling constant, and it has not
been reproduced yet in the general framework of an algebraic analysis, relying only on the
principles of locality and power counting. For this purpose, our work may be the starting
point to extend to N = 2 SYMs the one–loop criteria given in [21] for the finiteness of
N = 1 supersymmetric gauge theories. Notice that the N = 4 theory, interpreted as a
N = 2 with matter in the adjoint representation, trivially satisfies the condition (4.1),
since mσ = 1 , T (Rσ) = C2(G).
The second part of the renormalization of N = 2 SYMs consisted in the verification
that none of the symmetries forming the supersymmetry algebra are anomalous and there-
fore hold good also at the quantum level. This result has been achieved by exploiting the
formulation given in [15], according to which the whole analysis is reduced to the solution
20
of the cohomology problem (3.20) of the generalized Slavnov operator (2.8). In particular
no N = 2 supersymmetric extension of the Adler–Bardeen gauge anomaly does exist.
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A Appendix
A.1 Linearized Slavnov operator
In the space of functionals depending on the fields listed in Table 1, the linearized Slavnov
operator is modified as follows [15]
BˆΣ =
∫
d4x
(
δΣˆ
δηaµ
δ
δAaµ
+
δΣˆ
δAaµ
δ
δΩaµ
+
δΣˆ
δLa
δ
δca
+
δΣˆ
δca
δ
δLa
+
δΣˆ
δMa
δ
δAa
+
δΣˆ
δAa
δ
δMa
(A.1)
+
δΣˆ
δNa
δ
δBa
+
δΣˆ
δBa
δ
δNa
+
δΣˆ
δΛ¯ai
δ
δλai
−
δΣˆ
δλai
δ
δΛ¯ai
+
δΣˆ
δU∗iA
δ
δAiA
+
δΣˆ
δAiA
δ
δU∗iA
+
δΣˆ
δU iA
δ
δA∗iA
+
δΣˆ
δA∗iA
δ
δU iA
+
δΣˆ
δΨ¯A
δ
δψA
−
δΣˆ
δψA
δ
δΨ¯A
+
δΣˆ
δΨA
δ
δψ¯A
−
δΣˆ
δψ¯A
δ
δΨA
)
By filtrating with the counting operator Nε, BˆΣ decomposes as (3.26). Explicitely we
have
s(0)Aa = fabccbAc
s(0)Ba = fabccbBc
s(0)Aaµ = −(Dµc)
a
s(0)λaαi = f
abccbλcαi
s(0)ca =
1
2
fabccbcc
s(0)AiA = (T a)ABc
aAiB
s(0)ψAα = (T
a)ABc
aψBα
s(0)La = fabccbLc + fabcM bAc + fabcN bBc − (Dη)a + fabc(Λ¯biλci)− (T
a)ABU
∗
iAA
iB
−(T a)AB(Ψ¯Aψ
B) + (T a)ABU
iBA∗iA − (T
a)AB(ψ¯AΨ
B) (A.2)
s(0)Ma = −
1
g2
(D2A)a +
1
2g2
fabc(λ¯biλci)−
1
g2
fabcBbf cmnAmBn
+[(T a)AD(T
b)DB + (T
b)AD(T
a)DB ]A
bA∗iAA
iB −
1
2
(T a)AB(ψ¯Aψ
B) + fabccbM c
s(0)Na = −
1
g2
(D2B)a −
i
2g2
fabc(λ¯biγ5λ
c
i) +
1
g2
fabcAbf cmnAmBn
+[(T a)AD(T
b)DB + (T
b)AD(T
a)DB ]B
bA∗iAA
iB − i
1
2
(T a)AB(ψ¯Aγ5ψ
B) + fabccbN c
s(0)ηaµ = −
1
g2
(DνF
µν)a +
1
g2
fabcAb(DµA)c +
1
g2
fabcBb(DµB)c −
1
2g2
fabc(λ¯biγµλci)
+(T a)ABA
iB(DµA∗i )A − (T
a)ABA
∗
iA(D
µAi)B −
1
2
(T a)AB(ψ¯Aγ
µψB) + fabccbηcµ
s(0)Λ¯aαi = −(Dµλ¯
iγµ)aαi − fabcλ¯bαiAc + ifabc(λ¯biγ5)
αBc − (T a)ABψ¯
α
AA
iB
+(T a)AB(iγ5Cψ
B)αǫijA∗jA + f
abcΛ¯bαicc
s(0)U iA = −(D2Ai)A + (T a)AB(λ¯
aiψB) + (T a)AD(T
b)DB(A
aAb +BaBb)AiB − (T a)ABU
iBca
s(0)ΨAα =
1
2
(γµDµψ)
A
α + (T
a)ABλ
a
αi + i
1
2
(T a)AB(γ5ψ
B)Ba
+
1
2
(T a)ABψ
B
αA
a + (T a)ABc
aψBα
s(1)Aa = ε¯iλai
s(1)Ba = iε¯iγ5λ
a
i
s(1)Aaµ = ε¯
iγµλ
a
i
s(1)λaαi =
1
2
F aµν(σ
µνεi)α − (DµA)
a(γµεi)α + i(DµB)
a(γµγ5εi)α + if
abcAbBc(γ5εi)α
s(1)ca = 0
s(1)AiA = ε¯iψA
s(1)ψAα = −2(DµA
i)A(γµεi)α + 2(T
a)ABA
iBAaεαi − 2i(T
a)ABA
iBBa(γ5εi)α
s(1)La = 0 (A.3)
s(1)Ma = (DµΛ¯
i)aγµεi − if
abc(Λ¯biγ5εi)B
c + 2(T a)AB(Ψ¯Aεi)A
iB + 2(T a)ABA
∗
iA(ε¯
iΨB)
s(1)Na = −i(DµΛ¯
i)aγµγ5εi + if
abc(Λ¯biγ5εi)A
c − 2i(T a)AB(Ψ¯Aγ5εi)A
iB
−2i(T a)ABA
∗
iA(ε¯
iγ5Ψ
B)
s(1)ηaµ = (DνΛ¯
i)aσµνεi + f
abc(Λ¯biγµεi)A
c − ifabc(Λ¯biγµγ5εi)B
c
−2(T a)AB(Ψ¯Aγ
µεi)A
iB − 2(T a)ABA
∗
iB(ε¯
iγµΨA)
s(1)Λ¯aαi = Maε¯i + iNa(ε¯iγ5)α + ηaµ(ε¯iγµ)α
s(1)U iA = −2(ε¯iγµDµΨ)
A + 2(T a)ABA
a(ε¯iΨB)− 2i(T a)ABB
a(ε¯iγ5Ψ
B)
s(1)ΨAα = −U
iAεαi
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s(2)Aa = 0
s(2)Ba = 0
s(2)Aaµ = 0
s(2)λaαi = −2(ε¯
jΛai )εαj + (ε¯
jΛaj )εαi
s(2)ca = −(ε¯iγµεi)A
a
µ − i(ε¯
iγ5εi)B
a + (ε¯iεi)A
a
s(2)AiA = 0
s(2)ψAα = −(ε¯
iεi)Ψ
A
α + (ε¯
iγ5εi)(γ5Ψ
A)α + (ε¯
iγµεi)(γµΨ
A)α
s(2)La = 0 (A.4)
s(2)Ma = (ε¯iεi)L
a
s(2)Na = −i(ε¯iγ5εi)L
a
s(2)ηaµ = −(ε¯iγµεi)L
a
s(2)Λ¯aαi = 0
s(2)ΨAα = 0
A.2 Counterterm
The most general candidate for the counterterm is Σc = Σ
(0)
c + Σ
(1)
c + Σ
(2)
c , where
Σ(0)c =
∫
d4x
(
a1F
µνF aµν + a2f
abc(λ¯biλci)A
a + a3f
abc(λ¯biγ5λ
c
i)B
a + a4λ¯
aiγµ(Dµλi)
a
+a5(T
a)AB(λ¯
aiψB)A∗iA + a6(T
a)AB(ψ¯Aλ
a
i )A
iB + a7(T
a)ABA
a(ψ¯Aψ
B)
+a8(T
a)ABB
a(ψ¯Aγ5ψ
b) + a9ψ¯Aγ
µ(Dµψ)
A + a10(D
µA)a(DµA)
a (A.5)
+a11(D
µB)a(DµB)
a + a12f
amnAmBnfapqApBq + a13(D
µAi)A(DµA
∗
i )A
+a14(T
a)AD(T
b)DBA
aAbA∗iAA
iB + a15(T
a)AD(T
b)DBB
aBbA∗iAA
iB + a16c
a
µη
aµ
+a17D
abcdAaAbAcAd + a18D
abcdBaBbBcBd
)
Σ(1)c =
∫
d4x
(
b1(ε¯
iλai )M
a + b2(ε¯
iγ5λ
a
i )N
a + b3(ε¯
iγµλ
a
i )η
aµ + b4(Λ¯
aiγµεi)(DµA)
a
+b5(Λ¯
aiγµγ5εi)(DµB)
a + b6(Λ¯
aiσµνεi)F
a
µν + b7(Λ¯
aiεi)∂A
a (A.6)
+b8f
abc(Λ¯aiγ5εi)A
bBc + b9(T
a)AB(Λ¯
aiεi)A
jBA∗jA + b10(T
a)AB(Λ¯
ajεi)A
jBA∗iA
)
Σ(2)c =
∫
d4x
(
c1(ε¯
iεi)L
aAa + c2(ε¯
iγ5εi)L
aBa + c3(ε¯
iγµεi)L
aAaµ (A.7)
+c4R(ε¯
iγRΛ
a
i )(Λ¯
ajγRεj) + c5R(ε¯
iγRΛ
a
j )(Λ¯
ajγRεi) + c6R(ε¯
iγRΨ
A)(Ψ¯AγRεi)
)
,
where γR ∈ {1 , γ5, γµ, γµγ5, σµν} and Dabcd is the completely symmetric invariant tensor
of rank four
Dabcd ≡ dnabfncd + dnacfndb + dnadfnbc (A.8)
A.3 Anomaly
The most general candidate for the anomaly is ∆ = ∆(0) +∆(1) +∆(2) +∆(3), where
∆(0) = α0
∫
d4x ǫµνρσcaµ
(
dabc(∂νA
b
ρ)A
c
σ +
1
12
DabcdAbνA
c
ρA
d
σ
)
+ s(0)Σ(0)c (A.9)
∆(1) = (A.10)∫
d4x
(
α1(Λ¯
aiεi)∂
2ca + αabc2 (Λ¯
aiγµεi)c
b
µA
c + αabc3 (Λ¯
aiγµγ5εi)c
b
µB
c
+αabc4 (Λ¯
aiεi)A
b
µc
cµ + αabc5 (Λ¯
aiσµνεi)A
b
µc
c
ν + α6(T
a)AB(ε¯
iγµΨA)caµA
∗
iA
+α7(T
a)AB(Ψ¯Aγ
µεi)c
a
µA
iB + α8(ε¯
iλai )∂
2Aa + α9(ε¯
iγ5λ
a
i )∂
2Ba
+α10(ε¯
iγµλai )∂µ∂A
a + α11(ε¯
iγµλai )∂
2Aaµ + α12(ε¯
iψA)∂2A∗iA
+α13(ψ¯Aεi)∂
2AiA + αabc14 (ε¯
iγµλai )(∂µA
b)Ac + αabc15 (ε¯
iγµγ5λ
a
i )(∂µA
b)Bc
+αabc16 (ε¯
iγµγ5λ
a
i )A
b(∂µB
c) + αabc17 (ε¯
iλai )(∂A
b)Ac + αabc18 (ε¯
iλai )A
b
µ(∂
µAc)
+αabc19 (ε¯
iσµνλai )(∂µA
b
ν)A
c + αabc20 (ε¯
iσµνλai )A
b
ν(∂µA
c) + α21(T
a)AB(ε¯
iγµψA)(∂µA
a)A∗iA
+α22(T
a)AB(ε¯
iγµψA)Aa(∂µA
∗
iA) + α23(T
a)AB(ψ¯Aγ
µεi)(∂µA
a)AiB
+α24(T
a)AB(ψ¯Aγ
µεi)A
a(∂µA
iB) + αabc25 (ε¯
iγµλai )(∂µB
b)Bc
+αabc26 (ε¯
iγ5λ
a
i )(∂A
b)Bc + αabc27 (ε¯
iγ5λ
a
i )A
b
µ(∂
µBc)
+αabc28 (ε¯
iσµνγ5λ
a
i )(∂µA
b
ν)B
c + αabc29 (ε¯
iσµνγ5λ
a
i )A
b
µ(∂νB
c)
+α30(T
a)AB(ε¯
iγµγ5ψ
B)(∂µB
a)A∗iA + α31(T
a)AB(ε¯
iγµγ5ψ
B)Ba(∂µA
∗
iA)
+α32(T
a)AB(ψ¯Aγ
µγ5εi)(∂µB
a)AiB + α33(T
a)AB(ψ¯Aγ
µγ5εi)B
a(∂µA
iB)
+αabc34 (ε¯
iγµλai )(∂µA
b
ν)A
c
ν + α
abc
35 (ε¯
aγµλai )(∂
νAbµ)A
c
ν
+αabc36 (ε¯
iγµλai )A
b
µ(∂A
c) + αabc37 ǫ
µνρσ(ε¯iγµλ
a
i )(∂νA
b
ρ)A
c
σ
+α38(T
a)AB(ε¯
iψB)(∂Aa)A∗iA + α39(T
a)AB(ε¯
iψB)Aaµ(∂
µA∗iA)
+α40(T
a)AB(ψ¯Aεi)(∂A
a)AiB + α41(T
a)AB(ψ¯Aεi)A
a
µ(∂
µAiB)
+α42(T
a)AB(ε¯
iσµνψB)(∂µA
a
ν)A
∗
iA + α43(T
a)AB(ε¯
iσµνψB)Aaµ(∂νA
∗
iA)
+α44(T
a)AB(ψ¯Aσ
µνεi)(∂µA
a
ν)A
iB + α45(T
a)AB(ψ¯Aσ
µνεi)A
a
µ(∂νA
iB)
+α46(T
a)AB(ε¯
iγµλai )(∂µA
iB)A∗iA + α47(T
a)AB(ε¯
iγµλai )A
iB(∂µA
∗
iB)
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+αabcd48 (ε¯
iλai )A
bAcAd + αabcd49 (ε¯
iγ5λ
a
i )A
bAcBd
+αabcd50 (ε¯
iγµλai )A
b
µA
cAd + α51(T
a)AD(T
b)DBA
aAb(ε¯iψB)A∗iA
+α52(T
a)AD(T
b)DB(ψ¯Aεi)A
iBAaAb + αabcd53 (ε¯
iλai )A
bBcBd
+αabcd54 (ε¯
iγµγ5λ
a
i )A
b
µA
cBd + α55(T
a)AD(T
b)DBA
aBb(ε¯iγ5ψ
B)A∗iA
+α56(T
a)AD(T
b)DB(ψ¯Aγ5εi)A
iBAaBb + αabcd57 (ε¯
iλai )A
bAcµAdµ
+αabcd58 (ε¯
iσµνλai )A
bAcµA
d
ν + α59(T
a)AD(T
b)DB(ε¯
iγµψB)A∗iAA
a
µA
b
+α60(T
a)AD(T
b)DB(ψ¯Aγ
µεi)A
iBAaµA
b + α61(T
a)AD(T
b)DB(ε¯
iλai )A
bAiBA∗iA
+αabcd62 (ε¯
iγ5λ
a
i )B
bBcBd + αabcd63 (ε¯
iγµλai )A
b
µB
cBd
+α64(T
a)AD(T
b)DB(ε¯
iψB)A∗iAB
aBb + α65(T
a)AD(T
b)DB(ψ¯Aεi)A
iBBaBb
+αabcd66 (ε¯
iγ5λ
a
i )A
b
µA
cµBd + αabcd67 (ε¯
iσµνγ5λ
a
i )A
b
µA
c
νB
d
+α68(T
a)AD(T
b)DB(ε¯
iγµγ5ψ
B)A∗iAA
a
µB
b + α69(T
a)AD(T
b)DB(ψ¯Aγ
µγ5εi)A
iBAaµB
b
+α70(T
a)AD(T
b)DB(ε¯
iγ5λ
a
i )B
bA∗iAA
iB + αabcd71 (ε¯
iγµλai )A
b
µA
cνAdν
+αabcd72 ǫ
µνρσ(ε¯iγµλ
a
i )A
b
νA
c
ρA
d
σ + α73(T
a)AD(T
b)DB(ε¯
iψB)A∗iAA
aµAbµ
+α74(T
a)AD(T
b)DB(ψ¯Aεi)A
iBAaµAbµ + α75(T
a)AD(T
b)DB(ε¯
iσµνψB)A∗iAA
a
µA
b
ν
+α76(T
a)AD(T
b)DB(ψ¯Aσ
µνεi)A
iBAaµA
b
ν + α77(T
a)AD(T
b)DB(ε¯
iγµλai )A
b
µA
∗
iAA
iB
+α78A
aAa(ε¯iψA)A∗iA + α79A
aAa(ψ¯Aεi)A
iA
+α80A
aBa(ε¯iγ5ψ
A)A∗iA + α81(ψ¯Aγ5εi)A
iAAaBa
+α82(ε¯
iγµψA)A∗iAA
a
µA
a + α83(ψ¯aγ
µεi)A
iAAaµA
a + α84(ε¯
iλai )A
aAjAA∗jA
+α85(ε¯
iψA)A∗iAB
aBa + α86(ψ¯Aεi)A
iABaBa + α87(ε¯
iγµγ5ψ
A)A∗iAA
a
µB
a
+α88(ψ¯Aγ
µγ5εi)A
iAAaµB
a + α89(ε¯
iγ5λ
a
i )B
aA∗jAA
jA + α90(ε¯
iψA)A∗iAA
aµAaµ
+α91(ψ¯Aεi)A
iAAaµAaµ + α92(ε¯
iγµλai )A
a
µA
∗
jAA
jA + α93(T
a)AD(T
b)DB(ε¯
iλaj )A
bA∗iAA
jB
+α94(ε¯
iλaj )A
aA∗iAA
jA + α95(T
a)AD(T
b)DB(λ¯
aiεj)A
bA∗iAA
jB + α96(λ¯
aiεj)A
aA∗iAA
jA
+α97(T
a)AD(T
b)DB(ε¯
iγ5λ
a
j )B
bA∗iAA
jB + α98(ε¯
iγ5λ
a
j )B
aA∗iAA
jB
+α99(T
a)AD(T
b)DB(λ¯
aiγ5εj)B
bA∗iAA
jB + α100(λ¯
aiγ5εj)B
aA∗iAA
jA
+α101(T
a)AD(T
b)DB(ε¯
iγµλaj )A
b
µA
∗
iAA
jB + α102(ε¯
iγµλaj )A
a
µA
∗
iAA
jA
+α103(T
a)AD(T
b)DB(λ¯
ajγµεi)A
b
µA
∗
jAA
iB + α104(λ¯
ajγµεi)A
b
µA
∗
jAA
iA
+α105T
BC
AD (ε¯
iψA)A∗iBA
∗
jCA
jD + α106T
BC
AD (ψ¯Bεi)A
iAA∗jCA
jD
+α107(T
a)AB(λ¯
aiγµεj)(∂µA
jB)A∗iA + α108(T
a)AB(λ¯
aiγµεj)A
jB(∂µA
∗
iA)
+α109(T
a)AB(ε¯
iγµλaj )(∂µA
jB)A∗iA + α110(T
a)AB(ε¯
iγµλaj )A
jB(∂µA
∗
iA)
+α111f
abc(ε¯iλai )(λ¯
bjλcj) + α112f
abc(ε¯iγ5λ
a
i )(λ¯
bjγ5λ
c
j)
+α113d
abc(ε¯iγµγ5λ
a
i )(λ¯
bjγµγ5λ
c
j) + α114d
abc(ε¯iσµνλai )(λ¯
bjσµνλ
c
j)
+α115R(T
a)AB(ε¯
iγRλ
a
i )(ψ¯AγRψ
B)
)
∆(2) = (A.11)
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∫
d4x
(
β1(ε¯
iγµεi)L
acaµ + β2(ε¯
iεi)η
aµ(∂µA
a) + β3(ε¯
iγµεi)M
a(∂µA
a)
+β4(ε¯
iγ5εi)η
aµ(∂µB
a) + β5(ε¯
iγµεi)N
a(∂µB
a) + β6(ε¯
iγµεi)η
a
µ(∂A
a)
+β7(ε¯
iγµεi)η
aν(∂µA
a
ν) + β8(ε¯
iγµεi)η
aν(∂νA
a
µ) + β9ǫ
µνρσ(ε¯iγµεi)η
a
ν(∂ρA
a
σ)
+β10(ε¯
iεi)M
a(∂Aa) + β11(ε¯
iγ5εi)N
a(∂Aa) + β12(ε¯
iγµεi)U
∗
jA(∂µA
jA)
+β13(ε¯
iγµεi)U
jA(∂µA
∗
jA) + β14d
abc(ε¯iγµεi)A
aAbηcµ + β15d
abcMaAbAc
+β16d
abc(ε¯iγ5εi)N
aAbAc + βabc17 (ε¯
iγ5εi)M
aAbBc + βabc18 (ε¯
iεi)N
aAbBc
+βabc19 (ε¯
iεi)η
aµAbµA
c + βabc20 (ε¯
iγµεi)M
aAbµA
c + β21(T
a)AB(ε¯
iεi)U
∗
jAA
jBAa
+β22(T
a)AB(ε¯
iεi)A
aU jBA∗jA + β23d
abc(ε¯iγµεi)B
aBbηaµ + β24d
abc(ε¯iεi)M
aBbBc
+β25d
abc(ε¯iγ5εi)N
aBbBc + βabc26 (ε¯
iγ5εi)η
aµAbµB
c + βabc27 (ε¯
iγµεi)N
aAbµB
c
+β28(T
a)AB(ε¯
iγ5εi)B
aU∗jAA
jB + β29(T
a)AB(ε¯
iγ5εi)U
jBA∗jAB
a
+β30d
abc(ε¯iεi)M
aAbµAcµ + β31d
abc(ε¯iγ5εi)N
aAbµAcµ + β32d
abc(ε¯iγµεi)η
a
µA
bνAcν
+βabc33 (ε¯
iγµεi)η
aνAbµA
c
ν + β34f
abcǫµνρσ(ε¯iγµεi)η
a
νA
b
ρA
c
s + β35(T
a)AB(ε¯
iγµεi)A
a
µU
∗
jAA
jB
+β36(T
a)AB(ε¯
iγµεi)A
a
µU
jBA∗jA + β37(T
a)AB(ε¯
iεi)M
aA∗jAA
jB
+β38(ε¯
iγ5εi)(T
a)ABN
aA∗jAA
jB + β39(T
a)AB(ε¯
iγµεi)η
a
µA
∗
jAA
jB
+β1R(ε¯
iγRεj)(Λ¯
ajγRγ
µ∂µλ
a
i ) + β2R(ε¯
iγRεi)(ψ¯AγRγ
µ∂µψ
A)
+β3R(ε¯
iγRεi)(∂µψ¯Aγ
µγRΨ
A) + βabc4R (ε¯
iγRεj)(Λ¯
ajγRλ
b
i)A
c
+β5R(T
a)AB(ε¯
iγRεi)(Ψ¯AγRψ
B)Aa + β6R(T
a)AB(ε¯
iγRεi)(ψ¯AγRΨ
B)Aa
+βabc7R (ε¯
iγRεj)(Λ¯
ajγRγ5λ
b
i)B
a + β8R(T
a)AB(ε¯
iγRεi)(Ψ¯AγRγ5ψ
B)Ba
+β9R(T
a)AB(ε¯
iγRεi)(ψ¯AγRγ5Ψ
B)Ba + βabc10R(ε¯
iγRεj)(Λ¯
ajγRγ
µλbi)A
c
µ
+β11R(T
a)AB(ε¯
iγRεi)(Ψ¯AγRγ
µψB)Aaµ + β12R(T
a)AB(ε¯
iγRεi)(ψ¯AγRγ
µΨB)Aaµ
+β13R(T
a)AB(ε¯
iγRεj)(Ψ¯AγRλ
a
i )A
jB + β14R(T
a)AB(ε¯
iγRεj)(λ¯
ajγRΨ
B)A∗iA
+β15R(T
a)AB(ε¯
iγRεj)(ψ¯AγRΛ
a
i )A
jB + β16R(T
a)AB(ε¯
iγRεj)(Λ¯
ajγRψ
B)A∗iA
)
∆(3) = (A.12)∫
d4x
(
δ1(ε¯
iεi)(ε¯
jΛaj )M
a + δ2(ε¯
iγ5εi)(ε¯
jγ5Λ
a
j )M
a + δ3(ε¯
iεi)(ε¯
jγ5Λ
a
j )N
a
+δ4(ε¯
iγ5εi)(ε¯
jΛaj )N
a + δ5(ε¯
iεi)(ε¯
jγµΛaj )η
a
µ + δ6(ε¯
iγ5εi)(ε¯
jγµγ5Λ
a
j )η
a
µ
+δ7(ε¯
iγµεi)(ε¯
jΛaj )η
a
µ + δ8(ε¯
iεi)(ε¯
jλaj )L
a + δ9(ε¯
iγ5εi)(ε¯
jγ5λ
a
j )L
a
+δ10(ε¯
iεi)(ε¯
jΨA)U
∗
jA + δ11(ε¯
iγ5εi)(ε¯
jγ5Ψ
A)U∗jA + δ12(ε¯
iεi)(Ψ¯Aεj)U
jA
+δ13(ε¯
iγ5εi)(Ψ¯Aγ5εj)U
jA
)
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